In this short communication, we introduce two applications of nanomechanics, based on standard molecular dynamics simulations, to problems of critical importance to future technology. One of these problems is concerned with " nanoenergy, " in particular, hydrogen storage in fullerenes. The other problem is concerned with " nanomedicine, " in particular, the effect of sodium chloride on collagen molecules. An extension of these preliminary results and their use in developing continuum nanomechanics models is underway, and it will be the theme of two separate future publications.
Hydrogen storage in fullerenes
The theoretical fullerene capacity for hydrogen (H) storage has already been considered through ab initio molecular dynamics simulations [1 -4] , with conflicting results among researchers. There are no experiments to settle these differences. Moreover, there are no studies on the effect of temperature. It is shown here, with the use of Car Parinello molecular dynamics (CPMD) code (IBM Corporation and Max-Planck Institute, Stuttgart, Germany), that temperature plays a critical role on H storage capacity. Because of their elegant design, excellent mechanical properties/ hollow-cage configuration, and high energy barrier for breaking C -C bond, fullerenes have been considered as an attractive possibility to use for H storage. A critical issue to address in this connection is the efficient encaging of H and its controlled release. The maximum achieved capacity of fullerenes to H carriers has not been more than 1 H molecule. This was established through complex and rather inefficient techniques commonly known as molecular surgery [5, 6] . Meanwhile, the maximum H capacity reported in the aforementioned numerical simulation studies is 58 H atoms. The deviation in the numerical results is partially due to the different quantum molecular dynamics methods used, ranging from semiempirical calculations to Density Functional Theory (DFT)-based Quantum Mechanics (QM). Nevertheless, numerical simulation results may be useful in guiding the development of continuum nanomechanics models for considering the stability of a composite carbon nanocage structure enclosing an H phase. For this reason, we present below some additional preliminary results (by also considering the temperature effects that are absent in previous simulations), based on the use of the CPMD code [7] and the Avogadro Software [8] . In fact, we use this software to create fullerene structures with embedded H. In the beginning, H atoms are randomly distributed inside the fullerene cage, and then the whole system is optimized with universal force field (UFF) and the conjugate gradient method. Atomic coordinates are then extracted and used as initial coordinates for the simulated annealing process for optimizing the structures in the CPMD software. The simulated annealing process was executed for 1000 steps and finalized when the temperature of the structures was < 0.5 K. This method can be characterized as a " molecular design process " with iterative steps in order to evaluate possible molecular structures in silico . A Becke-Lee-Young-Parr (BLYP) exchange correlation functional was used, and the core electrons are represented by ultrasoft Vanderbilt pseudopotentials with a cutoff energy of 25 Ry. A 14-Å unit cell is used with Poisson Tuckerman solver to exclude the image molecule effects and simulate an isolated molecule. The CPMD is executed in the canonical ensemble regime (NVT). We used two temperatures to carry out the molecular dynamics, 300 and 122 K. These are Mars temperature extremes as recorded by NASA ' s Mars Viking orbiter Mars thermal mapper [9] . The selection of these temperature extremes is motivated by the interest of the space industry in H storage. The structures were in contact with a Nose thermostat, which provided the fixed temperature under study, and the molecular dynamics (MD) time step was 4 au, i.e., 0.096 fs with a fictual electron mass of 600 au. We performed structure optimizations and Car Parinello NVT molecular dynamics for 2, 16, 26, 38, 50, and 58 encaged H atoms in both temperatures. The total computational time was 192 h in 12 parallel processing nodes using the GRID infrastructure of Southern Eastern Europe.
The accuracy of the method is tested by the comparison of the optimized geometries of fullerene and H against existing experimental data. With the settings specified above, valence angles are within 0.07 ° accuracy. The bond length for H was 0.747 Å , compared with 0.741 Å of the experimental data (0.8 % deviation), and the C5-C6 bond length of fullerene (bond between pentagon and hexagon carbons) was 1.460 Å , compared with 1.458 Å of the experi mental data (0.13 % deviation). The C6-C6 (bond between two hexagon carbons) bond length was calculated as 1.403 Å , compared with 1.401 Å of the experimental data (0.14 % deviation). These deviations from the experiment suggest that the method is credible and appropriate for further use.
The energy of formation for the structures under consideration is positive, suggesting endothermic and metastable structures even for fullerenes with 2 H atoms. This result provides a possible explanation for the experimental difficulty of creating endohedral fullerenes with H. The energies of formation are systematically higher than those calculated by Pupysheva et al. [3] , although the general trend of increasing energy is preserved. These results are summarized in Figure 1 .
As previously reported [10, 11] , H atoms in the ground state tend to form symmetric patterns inside fullerene cages. We report for the first time in the literature the formation of a hexagonal dipyramid for the ground state of 58 H atoms inside the center of the fullerene cage. This is shown in Figure 2 .
The effect of temperature on maximum H content is crucial. All structures under 50 H atoms remained stable after 1 ns of Car Parinello NVT simulations for both temperatures. C60@H50 also remains stable, although heavily deformed, for 1 ns of CPMD in 122 K, but the same structure fails (i.e., the fullerene cage is broken) at the same simulation for 300 K. For 58 encaged H atoms, the fullerene cage breaks for both temperatures. At 122 K, fullerene can hold up to 52 H molecules. Snapshots of the cage structures are shown in Figure 3 .
Effect of NaCl in tropocollagen molecules
The basic structural unit of collagen is tropocollagen, which is arranged in a helical structure of three polypeptide chains. Tropocollagen assembles into collagen fibrils, with intermolecular cross-links and several collagen fibrils assembling into collagen fibers. The mechanical properties of biostructures are critical to the physiological functions of tissues and organs. An applied load is accommodated by tensile stresses between individual fibrils and shear stresses between different tropocollagen molecules [12] . The fracture tensile strength is mainly controlled by covalent polypeptide interactions, whereas the shear strength is controlled by weak dispersive H bonds between tropocollagen molecules. Covalent cross-links play a minor role in the control of shear strength. Constitutive equations and reliable continuum mechanics models for collagen should be guided by corresponding molecular arguments and simulations. For example, the density of cross-links defines the brittleness of collagen: a higher density leads to a strong but brittle material, whereas a lower density leads to a more flexible elastic material. With the ultimate objective of developing reliable continuum models for bio-objects based on nanoscale molecular considerations, we report below the results obtained by the use of a steered molecular dynamics (SMD) approach in an effort to capture the effect of different sodium chloride concentrations on the mechanical properties of a collagen biomolecule. We performed SMD simulations of constant velocity stress-strain tests for (i) two axially situated tropocollagen molecules, (ii) two parallel tropocollagen molecules, and (iii) one tropocollagen molecule under different concentrations of sodium chloride. The NAMD (University of Illinois, Chicago, IL, USA: J.C. Phillips et al., J. Comp. Chem. 26, 1781-1802, 2005) software was used to carry out molecular dynamics simulations at 37 ° C with different concentrations of sodium. The tropocollagen molecules were solvated in a water box and ionized with two different concentrations of sodium at 0.135 and 0.145 meq/l (minimum and maximum concentrations of sodium in arterial blood, respectively) and one with no sodium, for comparison. The total number of atoms for the simulation was 121.100 and the Eastern Europe Grid Infrastructure was used to cope with the computational cost (20 parallel nodes with total 50 h of computational time). The system configurations were initially minimized and equilibrated at 37 ° C and then submitted to SMD simulations. The CHARMM force field was used for all the molecular dynamics simulations. Steady and fixed amino acids were chosen accordingly for the experimental setup. The velocity of constant pulling for the SMD tests was 0.001 Å /step. The separation of the two tropocollagen molecules is considered to be the terminal fracture event of the material. VMD software [13] was used for all molecular representations.
Stress-strain graphs for individual tropocollagen molecules in different NaCl environments
To consider the effect of NaCl on tropocollagen ' s tensile strength, we run SMD simulations of one tropocollagen molecule under two different sodium concentrations (135 and 145 meq/l) and one with no NaCl, which served as the control configuration. Stress-strain graphs were obtained for these tests. All MD simulations were executed in water.
As discussed by Buehler [12] , the tensile strength of tropocollagen is mainly attributed to covalent bonds in the molecular chain of collagen. Nonreactive force fields such as CHARMM cannot capture this molecular interaction due to the harmonic nature of the atom-to-atom bond representation. A comparison of simulations between REAXFF and CHARMM agrees only for small force displacements in the elastic regime of the molecule, and we considered this.
What we observed from these simulations is that the helices of the tropocollagen molecule unfold gradually under tensile load. At first, the H bonds between the helices are created intramolecularly with high frequency, provided in Figure 5 . From Figure 4 , we conclude that the concentration of NaCl plays a decisive role in the strength of the tropocollagen molecule, with the highest effect obtained for the highest concentration of NaCl. At 145 meq/l, which is the highest normal concentration of the NaCl in the extracellular space, we note that a lower tensile force is needed for the same engineering strain. From Figure 5 , we conclude that the unfolding of the helices takes place during loading.
Stress-strain graphs and separation of two axially tropocollagen molecules in the presence of NaCl
Engineering stress-strain graphs were obtained from numerical simulations for two axially situated tropocollagen molecules with varying sodium concentration. The proportional limit is the same for every SMD simulation. However, the separation of the two molecules designating the fracture of the material is considerably affected by the sodium concentration. In fact, material fracture (tropocollagen separation) takes place at 11 % strain for every constant velocity SMD simulation. The following trends may and as the tropocollagen helices unfold, the frequency of the H bond creation is lower. This may be responsible for the capability of tropocollagen molecule to dissipate energy during small load, when it is more densely packed.
As the molecule unfolds, the covalent bonds (instead of H bonds) govern the elasticity of the molecule. The fracture of a tropocollagen molecule at 50 % strain with the onset of nonelastic behavior of the molecule beyond 30 -35 % strain with REAXFF force field has previously been reported in the literature [12] . Our findings are summarized in Figure 4 , and snapshots of the chain configuration are be observed from the simulations. At 135 meq/l sodium concentration, the stress attains a saturation-like state. At 145 meq/l sodium concentration, the stress attains a peak value at the proportional limit with a second maximum at the fracture (separation) point. There is a second muchsteeper elastic-like hardening regime for this sodium concentration. At 500 meq/l, the stress attains a maximum at the proportional limit with a softening behavior from this point on until fracture. This concentration of sodium, which is not physiological for the human body, was used for illustration purposes only. These results, summarized in Figure 6 , suggest that sodium has a concentrationdependent softening effect on collagen (axial chain to chain) interactions. The molecular mechanism for this softening behavior may be attributed to the sodium atoms screening the long-range electrostatic interactions between the collagen molecular chains. The higher the sodium concentration, the higher the probability of collagen helices being screened by sodium atoms, thus leading to material softening. Another interesting feature is the occurrence of what will be referred here as collagen " molecular necking, " which is depicted in Figure 7 .
Electrostatic force evolution for parallel tropocollagen fibrils under shear
To obtain more insight into the effect of sodium on the long-range electrostatic interaction between tropocollagen fibrils, we performed in silico shearing experiments between two parallel tropocollagen molecules in an aqueous solution. According to Buehler [12] , the shear strength between two tropocollagen molecules can be used to extract information on the weak dispersive inte ractions between two fibers in an aqueous environment. The parameters extracted from this can then be generalized to include the effect of the density of the cross-links between tropocollagen molecules. It is reasonable to assume that if the presence of sodium in the molecular dynamics shear stress experiments affects the molecular parameters used to derive the nonbonded interactions for the mesoscale model, then the effect of softening observed in the strain experiments above will be important for scales beyond the hierarchy of the tropocollagen fibrils. The corresponding electrostatic force of shear strength-vs.-time graphs obtained from the simulations for two different NaCl concentrations are depicted in Figure 8 , with corresponding snapshots for the " fibril " separation shown in Figure 9 .
Additional results for the effect of mutation in tropocollagen structures will be given in a forthcoming publication. In that future article, the usefulness of our studies in controlling pathogenetic conditions, such as Ehlers-Danlos and Caffey diseases, will be discussed. These diseases are caused by defects in the molecular structure of collagen due to genetic mutations, which alter the mechanical properties responsible for physiological malfunctioning.
